To retrieve an N pixel image of a scene, conventional digital cameras record the information using an N pixelated detector with one measurement, while single-pixel imaging achieves it by sampling the image in a particular basis and recording the light intensities of N temporal measurements with a single-pixel detector. Besides these two schemes, it is also possible to obtain the same spatial information with an X pixels detector and N/X measurements, where the pressure of information retrieval is distributed to both spatial and temporal domains, rather than condensed in one domain. In this paper, we investigate this possibility and present a 4-pixels imaging scheme, which retrieves an image partially in spatial domain and partially in temporal domain, by adopting a quadrant detector to a singlepixel imaging system. While yielding images with equal quality, the proof-of-principle system we built is four times faster than a standard single-pixel imaging system, demonstrating the feasibility of the proposed scheme. Our work exploits the flexibility of space-time information retrieval and can be useful for applications where comprise between spatial and temporal domains is needed.
Introduction
Digital cameras record spatial information of a scene by mapping it onto the pixels of a detector array spatially. Alternatively, computational ghost imaging [1] , [2] , or single-pixel imaging [3] , [4] , retrieves spatial information by illuminating the scene or sampling the image in a particular basis and recording only the corresponding light intensities temporally with a single-pixel detector. While digital cameras are a mature technology and more commonly used in conventional applications, single-pixel imaging enables non-conventional imaging such as multi-wavelength imaging [5] , depth mapping [6] - [9] , 3D profiling [10] , [11] .
The essence of the relationship between these two technologies is the space-time trade-off in information retrieval, with digital camera in spatial domain and single-pixel imaging in temporal domain. For example, to obtain an N pixel image, digital cameras need only one measurement but a detector array of N pixels, while single-pixel imaging requires N measurements with an N rank orthogonal basis but only a single-pixel detector ( Fig. 1(a) ). However, it is also possible to achieve the same goal with an X pixels detector and N/X measurements, where the pressure of information retrieval is distributed to both spatial and temporal domains, rather than condensed in one domain. The space-time trade-off relationship for retrieving an N pixel image. Single-pixel imaging and digital camera are at the two ends of the curve, while the proposed X-pixels imaging scheme is a compromise between these two schemes. (b) For standard single-pixel imaging, a 64 × 64 image can be obtained by sampling the scene with 4096 orthogonal modulation masks using a single-pixel detector. (c) Alternatively, by using a quadrant detector, 4-pixels imaging scheme is able to retrieve the same spatial information with only 1024 measurements.
In this paper, we investigate this possibility and present an imaging scheme, which retrieves an image partially in spatial domain and partially in temporal domain, by adopting a quadrant detector to a single-pixel imaging system. While yielding images with equal quality, the proof-of-principle system we built is 4 times faster than a standard single-pixel imaging system, demonstrating the feasibility of the proposed scheme to transfer information retrieval task from temporal domain partially to spatial domain. Our work exploits the flexibility of space-time information retrieval and can be useful for applications where comprise between spatial and temporal domains is needed.
Methods
In standard single-pixel imaging, the measured intensity S i , associated with each modulation mask P i , is directly proportional to the overlap between the pixelated scene O and the mask P i , and a reconstructed image I can be obtained using the knowledge of S i and P i [1] , [2] . If the masks form an orthonormal basis, i.e., the transpose of the basis matrix is its inverse, then according to linear algebra, an N pixelated scene can be fully sampled after performing N mask modulations and single-pixel measurements ( Fig. 1(b) ), and the reconstructed image I can be obtained using [12] 
Sometimes, a coefficient 1/N is included in the equation to reconstruct the image [5] . However, because normalization is often performed on the reconstructed images, the coefficient can be omitted here.
One such orthonormal basis is derived from the Hadamard matrix, a square matrix with elements ±1 whose rows (or columns) are orthogonal to one another [13] , [14] . In our previous works [5] , [11] , [15] , [16] , the reshaped Hadamard masks are used to provide modulation. Each mask is formed by reshaping a row (or a column) of the Hadamard matrix into a two-dimensional square array, i.e., a sequence of n × n masks are reshaped from a N × N Hadamard matrix, where N = n 2 . Therefore, by sampling the scene 4096 times with Hadamard masks of 64 × 64 pixel (modulation masks in Fig. 1(b) ) from a 4096 × 4096 Hadamard matrix and associating with the corresponding light intensities Si, a 64 × 64 pixel image of scene O can be obtained (image in Fig. 1(b) ) using (1). In this work, we proposed an imaging scheme by adopting a quadrant detector (i.e., X = 4) to single-pixel imaging system. The modulation masks Q P i are still of 64 × 64 pixel, but now comprise of four segments, each being a reshaped 32 × 32 pixel Hadamard mask (modulation masks in Fig. 1(c) ), from an 1024 × 1024 Hadamard matrix. With a collecting lens, each segment is mapped to the corresponding quart of the quadrant detector, and four modulated light intensities Sx i (x = 1, 2, 3, and 4) are recorded simultaneously but independently (quadrant detector in Fig. 1(c) ). By performing full sampling with 1024 measurements for each segments simultaneously, four 32 × 32 pixel images Ix(x = 1, 2, 3, and 4) are obtained respectively using (1) . A 64 × 64 pixel image of scene O (image in Fig. 1(c) ) is yielded in turn by registering these four 32 × 32 pixel images geometrically. Fig. 2 illustrates our 4-pixels imaging system set-up, which is a modified version of the system in our previous work [16] , [17] . We test our system by imaging the United States Air Force (USAF) resolution chart, which is located ∼0.5 m from the imaging system and illuminated with an expanded diode pump laser (DPL) source (Viasho VA-I-LNS-532, wavelength: 532 ± 0:1 nm; 200 mW). The camera lens (Nikon AF Nikkor, f = 50 mm; F = 1.8D) images the scene onto a high-speed digital micromirror device (DMD, Texas Instruments Discovery 4100, 1024 × 768, wavelength: 350 nm-2500 nm, operating at 20 kHz) which is used to sequentially modulate the image of the scene with a preloaded sequence of modulation masks. The modulated image is then mapped to four segments of a quadrant PIN detector (First Sensor QP50-6 TO, 400 nm-1100 nm, active area: 12 mm 2 /segment), the light intensities corresponding to four segments are recorded separately. A high dynamic range analogue-to-digital converter (ADC, National Instruments DAQ USB-6361 BNC, sampling with four analog input channels at 500 kSs-1/channel), synchronized with the DMD, acquires and transfers the intensity data to a computer for image reconstruction.We perform 4-pixels imaging by using a sequence of 128 × 128 quadrant Hadamard masks, each mask comprises of four reshaped 64 × 64 pixel Hadamard masks from a 4096 × 4096 Hadamard matrix. Including the differential masks [11] , the number of masks in the sequence is 8192. Using the quadrant PIN detector, we are able to get four light intensity values simultaneously with one measurement. After 8192 measurements, four 64 × 64 images is reconstructed, which are geometrically registered to form a 128 × 128 pixel image of the USAF chart ( Fig. 3(a) ). The 4-pixels imaging system takes ∼0.5 s for acquisition, data transferring and reconstruction of one 128 × 128 image. Compared to our previous work [16] , which yields a 64 × 64 image in 0.5 s and a 128 × 128 image in 2.0 s, this system is 4 times faster.
Results
For comparison, we perform single-pixel imaging using the same system set-up. In this experiment, 32768 reshaped Hadamard masks of 128 × 128 pixel Hadamard masks, differential masks included, are used to provide modulation. Four outputs of the quadrant PIN detector are summed, functioning as a single-pixel detector, to record the total light intensity of the corresponding mask. With 32768 measurements, a 128 × 128 pixel image of the USAF chart (Fig. 3(b) ) is reconstructed. The total time consumed to acquire, transfer data and reconstruct the image is ∼ 2.0 s
The signal-to-noise rate (SNR) of Fig. 3 (a) & (b) are calculated using [18] , [19] :
where I f is the average intensity of the feature (here calculated from the data within the white block, highlighted by solid blue and dash red squares in Fig. 3(a) & (b) , I b is the average intensity of the background (here calculated from the data of the black background in the highlighted squares), and σ f and σ b are the standard deviations of the intensities in the feature and the background respectively. The calculated SNRs demonstrate that while yielding images of similar qualities, 4-pixels imaging has a four times faster imaging rate than that of standard single-pixel imaging.
Gray scale distributions (Fig. 3(c) & (d) demonstrate that the both schemes yield similar resolved details at different spatial frequencies.
Conclusion
In this work, we investigate the possibility to retrieve information of a scene partially in spatial domain and partially in temporal domain and propose a 4-pixels imaging system by adopting a quadrant detector in single-pixel imaging technology. While yielding images of similar quality, the proof-ofprinciple system we built in this work is 4 times faster than a standard single-pixel imaging system. Our work exploits the flexibility of space-time transfer in information retrieval and the scheme can be applied to other existing works to improve the system performance. For example, by applying 4-pixels imaging scheme to digital microscanning based single-pixel imaging [15] , the imaging system can reconstruct images with a higher SNR in a shorter time. Another example is that the use of 4-pixels imaging scheme in compressive sensing imaging [4] will lead to not only a four times smaller number of measurements, but also a reduction in the amount of computation in the image reconstruction overhead. In fact, a higher-speed compressive sensing camera through multi-diode design was developed [20] by segmenting the image into 32 sub-apertures with a lenslet array to achieve high-resolution infrared images. However, the crosstalk between these sub-apertures and the different responsibilities of the detectors caused blur and non-uniformity to the stitched images.
In our work, we placed the quadrant detector directly at the image plane, and the gap between each segment is only 5 μm, therefore no quality affecting effects are exhibited on the resulting images.
